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A nitride semiconductor device that comprises a first 
layer, a second layer and a buffer layer sandwiched between 
the first layer and the second layer. The second layer is 
a layer of a single-crystal nitride semiconductor material, 
including AIN and has a thickness greater than the thickness 
at which cracks would form if the second layer was grown 
directly on the first layer. The buffer layer is a layer of a 
low-temperature-deposited nitride semiconductor material that 
includes AIN. Incorporating the nitride semiconductor device 
into a semiconductor laser diode enables the laser diode to 
generate coherent light having a far-field pattern that exhibits 
a single peak. 
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IMPROVED FAR-FIELD NITRIDE BASED SEMICONDUCTOR LASER 

Field of the Invention 

The invention relates to a nitride semiconductor device, and more particularly to a nitride 
semiconductor laser diode that is superior in that it generates coherent light having a far-field 
pattern, which is the far-field Intensity distribution of the light, that exhibits only a single peak. 

5 Background of the Invention 

Short-wavelength lasers fabricated from Group Ill-nitride semiconductor materials, whose 
general formula is ALGa^^lnyN, where A! is aluminum, Ga is gallium, In is indium, N is 
nitrogen, and x and y are compositional ratios, have been widely reported. However, such 
lasers have a far-field pattern, which is the Fourier transformation of the near-field pattern, that 

10 exhibits more than one peak. See, for example, D. Hofstetter et a!., 70 Appl Phys. Lett., 1650 
(1997). A laser that generates coherent light having a far-field pattern that exhibits multiple 
peaks can be used in substantially fewer practical applications than a laser that generates 
coherent light having a far-field pattern that exhibits a single peak. 

The far-field pattern of the light generated by such conventional lasers exhibits multiple 

15 peaks, rather than the desired single peak, because the optical waveguide layer provides 
insufficient optical confinement and allows light to leak from the optical waveguide layer into 
the contact layer underlying the cladding layer. The contact layer then acts as a parasitic optical 
waveguide, resulting in spurious laser oscillation in a high-order mode. The contact layers are 
included in the laser to inject current into the active layer. 

20 Attempts to achieve sufficient optical confinement have included increasing the thickness 

of the cladding layers compared with the conventional thickness value, and increasing the 
refractive index difference between the cladding layers and the optical waveguide layers. 
However, when implemented conventionally, these measures cause cracks in the cladding 
layers. This seriously impairs the production yield of lasers that incorporate such measures. 

25 Figure 1 illustrates the structure of the conventional GaN-based laser diode 10. The 

electrodes have been omitted to simplify the drawing. The laser diode is composed of the GaN 
low-temperature-deposited buffer layer 12, the GaN n-contact layer 13, the n-type AIGaN 
cladding layer 14, the n-type GaN optical waveguide layer 15, the active layer 16, the p-type 
GaN optical waveguide layer 17, the p-type AIGaN cladding layer 18, and the GaN p-contact 

30 layer 19. These layers are successively grown on the substrate 11. The material of the 
substrate is sapphire, SiC, spinel, MgO, GaAs, silicon, or some other suitable material. 

The growth temperatures and growth thicknesses of the layers of a conventional laser 
diode having a structure similar to that shown in Figure 1 are disclosed by Okumura in 
Japanese Laid-Open Patent Application No. H 10-261838. The low-temperature-deposited 
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buffer layer 12 is a 35 nm-thick layer of GaN deposited at a temperature of 550°C. The GaN 
n-contact layer 1 3 is a 3 pm-thick layer of silicon-doped n-type GaN deposited at a temperature 
of 1050°C. The n-type cladding layer 14 is a 700 nm-thick layer of silicon-doped Al 01 Gao. 9 N 
deposited at a temperature of 1050°C. The n-type optical waveguide layer 15 is a 50 nm-thick 
5 layer of silicon-doped GaN deposited at a temperature of 1050°C. The active layer 16 is an 
18nm-thick composite layer deposited at a temperature of 750°C. The composite layer is 
composed of three 2 nm-thick layers of lno.05Gao.95N interleaved with four 3 nm-thick layers of 
irv 2 Ga 0 . 8 N. The laser diode additionally includes an anti-evaporation layer (not shown), which 
is a 10 nm-thick layer of AI 0 . 2 Ga 08 N deposited at a temperature of 750°C. The p-type optical 

1 0 waveguide layer 1 7 is a 50 nm-thick layer of magnesium-doped GaN deposited at a temperature 
of 1050°C. The p-type cladding layer 18 is a 700 nm-thick layer of magnesium-doped 
Al 01 Gao. 9 N deposited at a temperature of 1050°C. The p-contact layer 19 is a 200 nm-thick 
layer of magnesium-doped p-type GaN deposited at a temperature of 1050°C. 

The above-mentioned layers are successively grown on the C plane of the sapphire 

15 substrate 11 by metal-organic vapor phase epitaxy (MOVPE). Alternatively, molecular beam 
epitaxy (MBE) or halide vapor phase epitaxy (HVPE) may be used. 

After the above-described stack of layers has been deposited on the substrate, the stack 
of layers is annealed at 800°C in a nitrogen atmosphere to activate the dopants in the 
magnesium-doped p-type layers, and hence reduce the resistance of these layers. It has also 

20 been disclosed that the AI 02 Ga 0 . 8 N anti-evaporation layer (not shown) can be doped with 
magnesium, which facilitates note injection from the p-type GaN optical waveguide layer 17. 

Okumura reported that providing a ridge structure in the stack, depositing electrodes on 
the p-contact layer 1 9 and the n-contact layer 1 3 and cleaving the stack produced a laser diode 
that generated coherent light with a wavelength of 430 nm and had a threshold current of 

25 40 mA. 

Okumura's disclosure does not indicate the far-field pattern of the light emitted by the 
laser just described. 

In 37 Jpn. Appl. Phys., L905-L906 (1998), Yasuo Ohba et al. proposed a structure that 
uses a GaN active layer for generating light at short wavelengths. The GaN active layer required 

30 that the molar fraction of AIN in the AIGaN cladding layers be increased to maintain the band- 
gap difference between the active layer and the cladding layers. However, the increased 
aluminum molar fraction gave rise to a lattice mismatch between the materials of the AIGaN 
cladding layer and the GaN buffer layer on which it was deposited. The lattice mismatch was 
sufficiently large to cause cracks in the cladding layer. 

35 Ohba et al. disclosed using a single-crystal AIN buffer layer interposed between the 

substrate and the n-type cladding layer to solve the cracking problem. First, a 600 nm-thick 
single-crystal AIN buffer layer was grown at a temperature of 1300°C on a sapphire substrate. 
Successively grown on the buffer layer were an n-type cladding layer, which was a 1.2 A<m- 
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thick layer of silicon-doped n-type AI 0 25 Gao. 7 6N deposited at a temperature of 1 150°C; an n- 
type optical waveguide layer, which was a 100nm-thick layer of silicon-doped GaN deposited 
at a temperature of 1150°C; an active layer, which was a 50nm-thick composite layer 
composed of one layer of AI 02 Ga 0 . e N, five layers of GaN interleaved with four layers of 
5 Al OJ Gao. 9 N and one layer of AI 02 Gao. B N; a p-type optica! waveguide layer, which was a 1 00 nm- 
thick layer of magnesium-doped GaN grown at a temperature of 1 150°C; a p-type cladding 
layer, which was a 700 nm-thick layer of magnesium-doped AI 0 25 Ga 0 .75N grown at a 
temperature of 1 150°C; and p-contact layer, which was a 600 nm-thick layer of magnesium- 
doped GaN contact layer grown at a temperature of 1 150°C. 
10 After the above-stack of layers was deposited, the stack was annealed in a nitrogen 

atmosphere at 800°C to activate the dopants in the magnesium-doped p-type layers, and hence 
reduce the resistance of these layers. Ohba et al. reported that no cracking was observed even 
when the n-type cladding layer was grown on the single-crystal AIN buffer layer to an overall 
thickness of 1.8 jum. According to Ohba et al., p-type AIGaN has a reasonably low resistivity 
15 at AIN molar fractions up to 25%. Ohba et al. further reported that, when electrodes were 
added to the device just described, the device emitted high-intensity light, but no coherent light 
was generated, even near the breakdown voltage of the device. 

In Japanese Laid-Open Patent Application No. H 10-242587, Nagahama et al. stated: "In 
the case of an LD (laser diode), a cladding layer that provides optical confinement must be 
20 grown preferably with a thickness of at least 0.1 A/m, but if a thick AIGaN layer is grown 
directly on GaN and AIGaN layers, cracks will develop in the AIGaN layer that is subsequently 
grown. This has made device production difficult in the past/' Nagahama et al. went on to 
disclose a technique that introduced a 10 to 500 nm-thick anti-cracking layer on which a layer 
can be grown thick enough for the subsequently-grown aluminum-containing layer to function 
25 as a cladding layer. Nagahama et al. stated that, while the anti-cracking layer can be left out 
under certain conditions, such as when certain growth conditions are used for growing the 
cladding layer, it should be included if an LD is being produced. 

Nagahama et al. further disclosed an n-type cladding layer formed on the anti-cracking 
layer. The n-type cladding layer was a nitride semiconductor containing aluminum, preferably 
30 AIGaN. The thickness of the cladding layer was between 10 nm and 2 ^m, and was preferably 
between 50 nm and 1 //m. In a working example, the n-type anti-cracking layer was an 
approximately 50 nm-thick layer of silicon-doped ln D1 Ga 0 9 N grown at 800°C, and the n-type 
cladding layer was a 500 nm-thick layer of silicon-doped AI 0 . 2 Ga 08 N grown at 1030°C. 

Nagahama et al. disclosed nothing about the far-field pattern of the coherent light emitted 
35 by a laser diode incorporating the structure just described. 

In Japanese Laid-Open Patent Application No. H 10-256662, Ozaki et al. disclosed a 
cladding layer having a superlattice structure formed on an anti-cracking layer, in a working 
example, the n-type anti-cracking layer was an approximately 50 nm-thick layer of silicon-doped 
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Ino^Gao.gN grown at a temperature of 8GO°C, and the n-type cladding layer was a 400 nm-thick 
superlattice multi-layer structure composed of 100 layers of silicon-doped GaN, each 2 nm 
thick, interleaved with 101 layers of silicon-doped AI 0i2 Gao. 8 N. It was claimed that the crystal 
quality of the n-type cladding layer was extremely good because the thickness of the layers 
was below the critical thickness within the limit of elastic deformation. 

Ozaki et al. disclosed nothing about the far-field pattern of the coherent light emitted by 
a laser diode incorporating the structure just described. 

In Japanese Laid-Open Patent Application No. H 10-261816, Kuramata disclosed a 
technique in which a 1 ^m-thick layer of AIGaN was grown as a cladding layer directly on a 
substrate of 6H-SiC (0001) C. The material of the cladding layer was silicon-doped AI 01 Ga 09 N 
grown at 1200°C. Kuramata additionally disclosed a structure in which an undoped 20 nm- 
thick layer of AIN and a 1 ^m-thick layer of n-type GaN were deposited at 1200°C as buffer 
layers on a SiC substrate, and a 200 nm-thick layer of silicon-doped AI 0 .iGa a9 N was grown on 
the GaN layer as a cladding layer. 

Kuramata disclosed nothing about the far-field pattern of the coherent light emitted by a 
laser diode incorporating the structure just described. 

What is needed, therefore, is an efficient nitride semiconductor device, suitable for 
incorporation into a laser diode, that would permit the laser diode to generate coherent light 
having a far-field pattern that exhibits a single peak. Incorporating the nitride semiconductor 
device into a laser diode should enable the cladding layers of the laser diode to provide an 
increased optical confinement so that unintended light leakage from the optical waveguide 
region to the underlying contact layer is reduced. The optical confinement can be increased by 
increasing the thickness of the AIGaN material of the cladding layers, by increasing the molar 
fraction of AIN in the AIGaN of the cladding layers, or both. However, these measures have 
traditionally led to cracks in the cladding layers and, hence, poor device performance and poor 
production yields. The above-mentioned prior art provides no clear design guidelines as to how 
to enhance the optical waveguide provided by the cladding layers without the disadvantages 
just described. 

The results reported by Ohba et al. indicate that cladding layers that are too thick, and 
incorporating an AIN buffer layer, may prevent a device having the structure of a laser diode 
from generating coherent light even though the layers do not have cracks. Also, since the 
lattice mismatch between AIGaN and GaN generates cracks and other defects, a thick, crack- 
free AIGaN cladding layer that provides sufficient confinement cannot be grown directly on a 
layer of GaN using conventional techniques. It is difficult to prevent a thick cladding layer of 
single-crystal AIGaN from cracking, even when the cladding layer is grown on an anti-cracking 
layer. Therefore, even when an anti-cracking layer is used, the AIGaN cladding layer have to 
have a superlattice structure, or other measures have to be taken. These measures, however, 
make the structure complicated, and lead to an unsatisfactory production yield. 



WO 00/24097 PCT/US99/241 46 

5 

What also is needed, therefore, is a nitride semiconductor device that can be incorporated 
into a semiconductor laser diode that generates short- wavelength coherent light having a far- 
field pattern that exhibits a single peak. The nitride semiconductor device should also have a 
simple structure, and the laser diode that incorporates the nitride semiconductor device should 
have a high efficiency, high reliability, and a long service life. 

Summary of the Invention 

The inventors considered the electric field distribution of the light in an optical waveguide 
structure, taking into account the entire structure of the laser diode. From this, the inventors 
designed a nitride semiconductor device that, when incorporated into a laser diode, is effective 
at lowering the threshold current of the laser diode, and enables the laser diode to generate 
coherent light having a far-field pattern that exhibits a single peak. The inventors additionally 
devised a manufacturing method for the nitride semiconductor device, and confirmed that the 
nitride semiconductor device was practically feasible through experiments and testing. 

When incorporated into a semiconductor laser, the nitride semiconductor device according 
to the invention enables the laser to include cladding layers that effectively confine light 
without being subject to cracking. The nitride semiconductor device includes a first layer of a 
first material and a second layer of a single-crystal nitride semiconductor material that includes 
AIN. The second layer has a thickness greater than the thickness at which cracks would form 
if the second layer were grown directly on the first layer. Sandwiched between the first layer 
and the second layer is a buffer layer of a low-temperature-deposited nitride semiconductor 
material that includes AIN. The low-temperature-deposited nitride semiconductor material of 
the buffer layer is deposited at a temperature below that at which single-crystal growth occurs. 

The thickness of the second layer, or the AIN molar fraction of the single-crystal nitride 
semiconductor material of the second layer, or both, are greater than a value at which the 
coherent light emitted by the laser diode has a far-field pattern that exhibits a single peak. 

The first layer on which the above-mentioned buffer layer is grown can be a layer of GaN 
or a substrate. The material of the substrate can be sapphire, SiC, silicon, MgAI 2 0 4 , GaN or 
some other suitable substrate material. The ability of the first layer to be a layer of GaN or a 
substrate enables one or more nitride semiconductor devices according to the invention to be 
incorporated into a semiconductor device at a location or locations where the elements can 
prevent cracking. Each nitride semiconductor device enables a thick, crack-free second layer 
of a material that includes AIN to be grown over a first layer of a material having a lattice 
constant different from the material of the second layer with the buffer layer sandwiched 
between them. Consequently, lasers and other semiconductor devices that incorporate the 
nitride semiconductor device according to the invention can have good performance 
characteristics and low manufacturing cost. 

Preferably, the above-mentioned first layer of GaN is grown on a substrate on which has 
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been deposited a buffer layer of low-temperature-deposited nitride semiconductor material. The 
buffer layer improves the surface quality of the first layer of GaN grown on it. 

The buffer layer and the second layer may be doped with the same type of dopant. This 
reduces the resistance of the buffer layer and enhances the efficiency of the nitride 

5 semiconductor device. 

To minimize the resistivity of the buffer layer, the doping concentration of the buffer layer 
of low-temperature-deposited nitride semiconductor material should be as high as possible, but 
less than that which degrades the crystal quality of the low-temperature-deposited nitride 
semiconductor material of the buffer layer. 

10 Silicon, germanium, and the like can be used as n-type dopants, while magnesium, zinc, 

and beryllium can be used as p-type dopants. Silicon and magnesium are preferred because of 
their effect at lowering resistance and because they allow technologically mature fabrication 
methods to be used. 

The thickness of the buffer layer should be at least that at which the buffer layer provides 

1 5 a stable buffering effect. However, the thickness should be no more than that at which a good 
crystal quality is maintained in the buffer layer itself and in the second layer grown on the 
buffer layer. Therefore, the thickness of the buffer layer should be in the range of 2 nm to 
100 nm. Preferably, the buffer layer has a thickness in the range from 20 to 40 nm, and the 
low-temperature deposited material that includes AIN is preferably AlyGa^yN (0 < y <. 1). The 

20 second layer preferably has a thickness of at least 600 nm, and the single-crystal nitride 
semiconductor material that includes AIN is preferably Al x Ga,^N (0.05 < x s 1). With these 
materials and thicknesses, and when the molar fraction of AIN in the single-crystal nitride 
semiconductor material is at least 10%, a semiconductor laser incorporating the nitride 
semiconductor device according to the invention will generate coherent light having a far-field 

25 pattern that exhibits a single-peak characteristic. 

The molar fraction of AIN in the low-temperature-deposited nitride semiconductor material 
of the buffer layer is preferably at least 5% to prevent cracking of the second layer. Increasing 
the AIN molar fraction increases the resistivity of the buffer layer. However, to prevent 
cracking, the AIN molar fraction in the low-temperature-deposited nitride semiconductor 

30 material should be the same as or greater than that of the single-crystal nitride semiconductor 
material of the second layer. Making the AIN molar fractions the same in both the buffer layer 
and the second layer is an optimum choice. 

Although other growth methods can be used, growing the buffer layer and the second 
layer using metal-organic vapor phase epitaxy produces a nitride semiconductor device that, 

35 when incorporated in a semiconductor laser, enables the laser to generate coherent light having 
a far-field pattern that exhibits a single peak. 

The invention also provides a method of making a nitride semiconductor device. In the 
method, a first layer is provided, and a buffer layer of a nitride semiconductor material including 
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AIN is deposited on the first layer at a temperature below that at which single-crystal growth 
occurs. A second layer of a single-crystal nitride semiconductor material including AIN is grown 
on the buffer layer at a temperature above that at which single-crystal growth occurs. The 
second layer is grown to a thickness greater than a thickness at which cracks would form if 
the second layer were grown directly on the first layer. 

Brief Description of the Drawings 
Figure 1 is a schematic drawing showing the structure of a conventional GaN-based laser 
diode. 

Figure 2 is a schematic drawing showing the structure of a first embodiment of a laser 
diode incorporating the nitride semiconductor device according to the invention. 

Figure 3 is a graph showing the far-field pattern of the coherent light generated by a laser 
diode incorporating the nitride semiconductor device according to the invention. 

Figure 4 is a graph showing the far-field pattern of the coherent light generated by the 
conventional laser diode shown in Figure 1. 

Figure 5 is a schematic drawing showing the structure of a second embodiment of a laser 
diode incorporating the nitride semiconductor device according to the invention. 

Figure 6 is a graph showing the effect of varying the AIN molar fraction and the thickness 
of the AIGaN cladding layers on the optical confinement factor of a laser diode incorporating 
the nitride semiconductor device according to the invention. 

Figure 7 is a graph showing the effect of varying the thickness of the AIGaN cladding 
layers on the far-field pattern of light generated by a laser diode incorporating the nitride 
semiconductor device according to the invention. 

Figure 8 is a schematic drawing showing the structure of a third embodiment of a laser 
diode incorporating two nitride semiconductor devices according to the invention. 

Detailed Description of the Invention 

In the conventional laser diode 10 shown in Figure 1, cracks form in the n-type AIGaN 
cladding layer 14 when the AIN molar fraction in the material of the cladding layer 14 is 
sufficiently high to cause a lattice mismatch between the material of the cladding layer 14 and 
that of the n-type GaN contact layer 13 underlying the cladding layer, and the thickness of the 
cladding layer 14 exceeds the critical thickness. Similarly, cracks form in the p-type AIGaN 
cladding layer 18 when the AIN molar fraction in the material of the cladding layer 14 is 
sufficiently high to cause a lattice mismatch between the material of the cladding layer 18 and 
that of the p-type GaN optical waveguide layer 17 underlying the cladding layer 18, and the 
thickness of the cladding layer 1 8 is greater than the critical thickness. Cracks greatly decrease 
the yield in manufacturing a semiconductor device, such as the laser diode 10, having the 
structure shown in Figure 1 . 
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To avoid cracking in the conventional laser diode 10, one or both of the following 
conditions must be met: the AIGaN cladding layers 14 and 18 must have a thickness of less 
than 500 nm; and the materials of these layers must have an AIN molar fraction of less than 
5%. However, a laser diode whose cladding layers meet these conditions will generate 
coherent light having a far-field pattern that exhibits multiple peaks. Such a far-field pattern 
indicates that the optical confinement of the laser diode is inadequate, and, in particular, that 
the optical confinement is insufficient to prevent light from leaking into the n-type GaN contact 
layer 13. The optical confinement factor of the laser diode 10 is about 2.5%. 

The inventors hypothesized that a possible solution to the problems just described would 
be to increase the maximum thickness of the cladding layers and the maximum AIN molar 
fraction of the materials of the cladding layers, and therefore improve the optical confinement. 
The inventors further hypothesized that their proposed changes to the cladding layers could be 
accomplished without causing cracks in the cladding layers by sandwiching a buffer layer of 
a low-temperature-deposited nitride semiconductor material that includes AIN between the 
AIGaN cladding layers and the GaN layers underlying them, i.e., between the n-type AIGaN 
cladding layer and the n-type GaN contact layer and between the p-type AIGaN cladding layer 
and the p-type GaN optical waveguide layer. 

To test their hypothesis, the inventors had three test samples fabricated. The test samples 
were composed of a 1 A*m-thick layer of single-crystal AIGaN with an AIN molar fraction of 
10% grown on a GaN substrate. In the first test sample, the 1 ^m-thick AIGaN layer was 
grown directly on the GaN substrate without any kind of buffer layer. In the second test 
SBmple, the AIGaN layer was grown on a 30 nm-thick buffer layer of low-temperature-deposited 
GaN semiconductor material. The GaN buffer layer was deposited on the GaN substrate at a 
temperature of 500°C, which is below the temperature at which single-crystal growth occurs 
in GaN. In the third test sample, the AIGaN layer was grown on a 30 nm-thick buffer layer of 
low-temperature-deposited nitride semiconductor material that includes AIN. The AIN-including 
buffer layer was deposited on the GaN substrate at a temperature of 500°C, which is below 
the temperature at which single-crystal growth occurs in AIN. 

Photomicrographs were taken of the surface of the AIGaN layer of the test samples. The 
photomicrographs showed numerous cracks in the surface of the AIGaN layer of the first and 
second test samples, whereas the surface of the AIGaN layer of the third test sample having 
the buffer layer of low-temperature-deposited nitride semiconductor material that includes AIN 
was free of cracks. 

Further investigations showed that there was a significant reduction in cracks in the AIGaN 
layer when the low-temperature-deposited nitride semiconductor material of the buffer layer 
was AIGaN with an AIN molar fraction of at least 5%. 

The layer on which the buffer layer of low-temperature-deposited nitride semiconductor 
material that includes AIN was deposited need not be a GaN substrate or a GaN layer. The 
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buffer layer of low-temperature-deposited nitride semiconductor material that includes AIN can 
provide the same benefit when deposited on sapphire, SiC, or some other material other than 
a nitride semiconductor. For instance, it was found that almost no cracking occurred in a layer 
of AIGaN up to 5 /^m thick with an AIN molar fraction of 20% when the layer was grown on 
5 a buffer layer of low-temperature-deposited nitride semiconductor material that includes AIN 
that was in turn deposited on a sapphire substrate instead of the above-mentioned layer of 
GaN. 

In another experimental verification, the process that will be described below with 
reference to Figure 2 was performed to form test samples having an n-type AIGaN cladding 
10 layer with an AIN molar fraction of 10% deposited on a buffer layer on a (0001) C sapphire 
substrate. Test samples in which the AIN molar fraction of the buffer layer of low-temperature- 
deposited AIGaN semiconductor material was 0% (i.e., GaN), 20%, 40%, and 100% (i.e., AIN) 
were fabricated. Photomicrographs of the surface of the n-type AIGaN cladding layer of the test 
samples were taken. The photomicrographs of the test sample in which the AIN molar fraction 
15 of the buffer layer was zero, i.e., the buffer layer was GaN, showed many cracks in the 
cladding layer, whereas the cladding layers of the other three test samples were crack free. 
This showed that the AIN molar fraction of the low-temperature deposited material of the buffer 
layer should be equal to or greater than thBt of single-crystal material of the cladding layer to 
prevent cracks in the cladding layer. 
20 Figure 2 illustrates the structure of a first embodiment of a laser diode 20 incorporating 

a nitride semiconductor device according to the invention. The laser diode includes the nitride 
semiconductor device 32 composed of the buffer layer 31 of low-temperature-deposited nitride 
semiconductor material that includes AIN sandwiched between the 5 /^m-thick GaN n-contact 
layer 23 and the 1 ^m-thick n-type AI 01 Ga 08 N cladding layer 24. Figure 3 shows the far-field 
25 pattern of the coherent light emitted by a semiconductor laser incorporating the laser diode 20. 
In Figure 3, the rotational angle of the laser diode with respect to the photodetector is plotted 
along the x-axis, and the optical intensity is plotted along the y-axis. The far-field pattern 
exhibits a single peak, which indicates that the laser diode 20 has an optical confinement factor 
of greater than 4%. This is substantially greater than the optical confinement factor of the 
30 conventional laser diode 10 shown in Figure 1. 

In the laser diode 20 shown in Figure 3, the buffer layer 30 of low-temperature-deposited 
nitride semiconductor material is a 30 nm-thick layer of AIGaN deposited at a temperature of 
500°C. The n-contact layer 23 is a 5 wm-thick layer of silicon-doped GaN grown at a 
temperature of 1050°C. The buffer layer 31 of low-temperature-deposited nitride semiconduc- 
35 tor material that includes AIN is a 30 nm-thick layer of silicon-doped n-type AI 01 Ga 0 . 9 N 
deposited at a temperature of 500°C. The n-type cladding layer 24 is a 1 ^m-thick layer of 
silicon-doped Al 0 ^Gao.gN grown at a temperature of 1050X. The n-type optical waveguide 
layer 25 is a 100 nm-thick layer of silicon-doped GaN grown at a temperature of 1050°C. The 
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active layer 26 is a 51 nm-thick composite layer grown at a temperature of 800°C. The 
composite layer is composed of five 3 nm-thick layers of Gao. 9 ln 0 iN interleaved with six 6 nm- 
thick layers of GaN. The p-type optica! waveguide layer 27 is a 100 nm-thick layer of 
magnesium-doped GaN grown at a temperature of 1050°C. The p-type cladding layer 28 is a 
5 1 A<m-thick layer of magnesium-doped Al 0 ,Gao. 9 N grown at a temperature of 1050°C. The p- 
type contact layer 29 is a 200 nm-thick layer of magnesium-doped GaN grown at a temperature 
of 1050°C. The above-mentioned layers are successively grown or deposited on the C plane 
of the sapphire substrate 21 by metal-organic vapor phase epitaxy (MOVPE). 

The buffer layer 31 is fabricated from a nitride semiconductor material that includes AIN. 
10 The buffer layer is deposited at a temperature below that at which single-crystal growth occurs. 
After it is deposited, the material of the buffer layer is therefore a mixture of amorphous and 
polycrystalline material. Raising temperature of the substrate and the buffer layer to a 
temperature above that at which single-crystal growth occurs to grow the cladding layer 24 
anneals the low-temperature deposited material of the buffer layer, and causes single-crystal 
15 regions to develop in the buffer layer. As a result, the cladding layer grows epitaxially on the 
buffer layer. However, regions of residual polycrystalline, amorphous, or polycrystalline and 
amorphous material distinguish the buffer layer of low-temperature-deposited nitride 
semiconductor material from the layers single-crystalline nitride semiconductor material 
between which the buffer layer is sandwiched in the finished nitride semiconductor device and 
20 in the finished laser diode based on the nitride semiconductor device. 

The material of the substrate 21 in this first embodiment and in other embodiments to be 
described below is sapphire. Sapphire substrates have been well researched and are quite 
inexpensive. Silicon carbide (SiC) may alternatively be used as the substrate. SiC substrates 
are more expensive, but they have a lower specific resistance, are more stable, and have better 
25 cleaving properties. 

The process for fabricating the laser diode 20 will now be described in detail. The sapphire 
substrate 21 with a (0001) C plane on which will be grown the stack of layers from which the 
laser diode 20 will be fabricated was etched by dipping it for 5 minutes each in hydrofluoric 
acid and aqua regia, and then was rinsed for 5 minutes in pure water. Organic washing was 
30 then performed with methanol and acetone for 5 minutes each, after which the substrate was 
again rinsed in pure water. 

The above processing was performed at room temperature . The sapphire substrate 2 1 was 
then installed in the reactor of a metal-organic vapor phase epitaxy (MOVPE) apparatus. The 
atmosphere in the reactor was thoroughly replaced with nitrogen to remove oxygen and water 
35 from the reactor. Hydrogen was then introduced and the sapphire substrate was subject to hot 
cleaning for 10 minutes at 1 100°C. 

The temperature of the sapphire substrate 21 was the reduced to 500°C, and 
trimethylaluminum (TMAI) and ammonia were supplied to the reactor for approximately 3 
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minutes to deposit the 30 nm-thick buffer layer 30 of low-temperature-deposited AIN 
semiconductor material on the sapphire substrate 21. 

The temperature of the sapphire substrate 2 1 was then raised to 1 050°C, trimethylgallium 
(TMGa), ammonia, and silane were supplied to the reactor to grow the GaN n-contact layer 23. 
The supplies of TMGa and silane were halted after the n-contact layer reached a thickness of 
5 A*m. The growth rate was 2.5 ^m per hour. The n-contact layer 23 had a silicon dopant 
concentration of 2 x 10 18 cm" 3 . A higher silicon concentration would decrease the specific 
resistance of the n-type GaN, but would also degrade the crystal quality. The silicon 
concentration may be in the range from 5 x 10 17 cm" 3 to 1 x 10 18 cm" 3 , with a silicon 
concentration of 2 x 10 1B cm' 3 being preferred. 

The temperature of the sapphire substrate 21 was again lowered to 500°C, during which 
time the supply of ammonia was continued. Once the temperature of the sapphire substrate 
21 reached 5O0°C, TMGa and TMAI were supplied to the reactor to deposit the buffer layer 
31 of low-temperature-deposited AlGaN semiconductor material to a thickness of 30 nm. The 
deposition rate was 10 nm per minute. Silane may also be supplied simultaneously to dope the 
AlGaN with silicon at a concentration in the range from about 5 x 10 17 cm" 3 to5 x 10 l9 .cm" 3 . 
Doping the buffer layer 31 improves the conductivity of this layer. In this example, the 
concentration of the silicon dopant was 2 x 10 18 cm" 3 . As a result, the resistivity of the buffer 
layer 31 was sufficiently low to allow enough current to flow to drive of the laser diode 20. 

Upon completion of the growth of the buffer layer 31, the supplies of TMAI, TMGa, and 
silane were halted. 

Approximately 5 minutes after the supplies of TMAI, TMGa, and silane were halted, the 
temperature of the sapphire substrate 21 was raised to 1050°C. Once the temperature of the 
substrate reached 1050°C, the supplies of TMGa, TMAI, and silane were recommenced to 
grow the n-type AlGaN cladding layer 24. Because the n-type AlGaN cladding layer 24 was 
grown on the buffer layer 31 instead of directly on the n-contact layer 23, the AlGaN cladding 
layer 24 could be grown to a thickness of 1 jum with an AIN molar fraction of 10% without any 
cracks occurring. The n-type cladding layer may be doped with silicon at a concentration in the 
range from about 5 x 10 17 cm" 3 to 1 x 10 19 cm' 3 . In this example, the concentration of the 
silicon dopant was 2 x 10 18 cm" 3 . When the cladding layer 24 reached its desired thickness, 
the supply of only the TMAI was halted. 

The temperature of the sapphire substrate 21 was held at 1050°C, and the supplies of 
TMGa and silane were continued to grow the n-type GaN optical waveguide layer 25 to a 
thickness of 100 nm. The growth conditions were the same as for the n-type GaN n-contact 
layer 23. 

The buffer layer 31, the GaN -contact layer 23, the n-type AlGaN cladding layer 24, and 
the n-type GaN optical waveguide layer 25 may have different dopant concentrations, or some 
of them may have the same concentration. However, the procedure is simpler when all of the 
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layers are designed to have more or less the same dopant concentration. 

The temperature of the sapphire substrate 21 was next lowered to 800°C. TMGa atone, 
and TMGa together with trimethylindium (TMln), were alternately supplied to the reactor to 
grow the active layer 26. The active layer is a composite layer composed of multiple quantum 
5 well layers. The active layer was formed by growing a GaN layer to a thickness of 6 nm 
followed by a Ga 0 . 9 ln 0 jN layer grown to a thickness of 3 nm. This process was repeated five 
times. Finally, a GaN layer was grown to a thickness of 6 nm. The molar fraction of InN in the 
G8b.9lno.1N determines the wavelength of the light generated by the laser diode 20. A molar 
fraction of 10% corresponds to a wavelength of 400 nm in this example. A growth rate in the 

10 range from 3 to 6 nm per minute is satisfactory. In this example, the growth rate was 5 nm 
per minute and the total thickness of the active layer was 51nm. When growth of the active 
layer 26 was finished, the supplies of TMGa and TMln were halted. 

The temperature of the sapphire substrate 21 was raised to 1050°C, and TMGa and 
Cp2Mg (biscyclopentadienylmagnesium) were supplied to the reactor to grow the p-type GaN 

1 5 optical waveguide layer 27 to a thickness of 1 00 nm. The growth rate was 2 ^m per hour. The 
magnesium concentration was in the range from 1 x 10 18 cm" 3 to 1 x 10 20 cm" 3 , and the 
preferred magnesium concentration was approximately 5 x 1 0 18 cm" 3 . Just as with silicon, too 
high a concentration of magnesium will degrade the crystal quality, so care must be taken in 
choosing the optimum concentration of the magnesium dopant. 

20 When the p-type optical waveguide layer 27 reached its design thickness, the substrate 

temperature was maintained at 1050°C, and TMAI was additionally supplied to the reactor to 
grow the p-type AIGaN cladding layer 28 to a thickness of 1 ^m. The magnesium concentration 
in this layer may be in the range from 1 x 10 1B cm' 3 to 1 x 10 20 cm' 3 , but is preferably 
approximately 5 x 10 19 cm' 3 , When the p-type cladding layer 28 reached its design thickness, 

25 the supply of the TMAI was halted. 

The magnesium dopant concentrations in the p-type GaN optical waveguide layer 27 and 
the p-type AIGaN cladding layer 28 may differ, but fabrication is simpler if they are the same. 
The concentration may be in the range from 1 x 10 t8 cm" 3 to 1 x 10 20 cm -3 , but is preferably 
approximately 5 x 10 19 cm" 3 , as noted above. 

30 When the p-type cladding layer 28 reached its design thickness, the temperature of the 

sapphire substrate 21 was maintained at 1050°C and the supply of the TMAI was halted to 
grow the GaN p-contact layer 29 to a thickness of 200 nm. The growth rate wbs 2.5 /tin per 
hour. The preferred concentration of the magnesium dopant in this layer is approximately 1 x 
10 20 cm" 3 . 

35 When the p-type contact layer reached its design thickness, the supplies of TMGa and 

Cp2Mg were halted and the temperature of the sapphire substrate 21 was lowered. When the 
substrate temperature dropped below 100°C, the supply of ammonia was halted, and the 
sapphire substrate on which the above-described stack of layers had been grown was taken 
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out of the reactor. Microscope observation of the surface of the stack indicated that no 
cracking had occurred. 

The stack was then selectively etched to expose the surface of the n-type GaN n-contact 
layer 23 or the n-type AIGaN cladding layer 24. A layer of metal was deposited on the exposed 
surface by vapor deposition to provide the n-electrode (not shown). In this example, an 
electrode of titanium/aluminum (Ti/Al) was formed on the exposed n-type GaN surface using 
conventional techniques. Depositing the n-electrode on the n-type AIGaN cladding layer 24, 
which is closer to the p-type layers, instead of the n-type GaN n-contact layer 23, reduces the 
resistance of the laser diode 20. 

A ridge structure was formed to provide current confinement. To activate the dopant in 
the magnesium-doped layers, a conventional thermal annealing or an electron beam irradiation 
treatment was performed. A 5 ^m-thick layer of nickel and gold with a length of 500 was 
then deposited on the p-type GaN contact layer 29 to provide the p-electrode (not shown). 
Annealing may alternatively be performed prior to forming the n-electrode, but was performed 
after the n-electrode was formed in this example. Annealing was performed using the method 
described in published International Application no. WO 98/37586 of Yamaoka et a!., which 
is assigned to the assignee of this disclosure and is incorporated herein by reference. 

After the n-electrode and the p-electrode were formed, the substrate and the stack of 
layers were cleaved to form individual lasers each having a cavity structure. Some of the 
individual lasers were used as test samples of a laser diode incorporating the nitride 
semiconductor device according to the invention. The results of tests performed on such 
samples will be described below. 

In addition, test samples of the conventional laser diode 10 shown in Figure 1 were 
fabricated. The GaN low-temperature-deposited buffer layer 12 was deposited on the sapphire 
substrate 1 1, and the n-type GaN n-contact layer 13 was grown on the buffer layer 12. The 
n-type AIGaN cladding layer 14 with an AIN molar fraction of 5% was grown to a thickness 
of 500 nm directly on the n-type GaN n-contact layer 1 3 without any buffer layer between the 
layers. The p-type AIGaN cladding layer 18 with the same molar fraction and thickness as the 
n-type AIGaN cladding was grown on the p-type optical waveguide layer 17. The optical 
waveguide layers 15 and 17, the p-contact layer 19, and active layer 16 were formed in the 
same manner as in the example described above. 

The test samples of the conventional laser diode 10 had a threshold current of 
approximately 300 mA, and the coherent light emitted by the test samples had a far-field 
pattern that exhibited multiple peaks, as shown in Figure 4. In Figure 4, the rotational angle of 
the laser diode with respect to the photodetector is plotted along the x-axis, and the optical 
intensity is plotted along the y-axis. 

The above-mentioned test samples of the laser diode 20 incorporating the nitride 
semiconductor device according to the invention had a threshold current of 150 mA, or 
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approximately half that of the test samples of the conventional laser diode 10. It was also 
found that the test samples of the laser diode incorporating the nitride semiconductor device 
according to the invention generated light with a far-field pattern that exhibited a clean single 
peak, as shown in Figure 3. 

5 Figure 5 shows the structure of a second embodiment 40 of a laser diode that incorporates 

a nitride semiconductor device according to the invention. Elements of the second embodiment 
that correspond to elements of the first embodiment shown in Figure 2 are indicated using the 
same reference numerals and will not be described further. The second embodiment differs 
from the first embodiment in that the buffer layer 30 of low-temperature-deposited nitride 

10 semiconductor material and the n-type GaN n-contact layer 23 are omitted. In this embodiment, 
the nitride semiconductor device 32 is composed of the buffer layer 31 of low-temperature- 
deposited nitride semiconductor material that includes AIN sandwiched between the sapphire 
substrate 21 and the 1 A/m-thick n-type Alo.1Gao.9N cladding layer 24. 

A stack of layers is grown on the substrate as described above, except that the buffer 

1 5 layer 30 of low-temperature-deposited nitride semiconductor material and the n-type GaN layer 
23 are omitted and the buffer layer 31 of low-temperature-deposited nitride semiconductor 
material that includes AIN is deposited directly on the substrate 21. The n-electrode (not 
shown) is formed by etching the stack to expose the n-type AlGaN cladding layer 24. An n- 
electrode of Ti/Au is then vapor deposited on the surface thus exposed. Processing following 

20 the deposition of the n-electrode is the same as that described above. After the electrodes have 
been formed, the stack of layers and the substrate are cleaved to form individual lasers each 
having a cavity structure. 

Test samples of the second embodiment 40 of a laser diode incorporating the nitride 
semiconductor device according to the invention had a threshold current of 160 mA. This is 

25 similar to that of the test samples of the above-described first embodiment 20 of a laser diode 
incorporating the nitride semiconductor device according to the invention. The far-field pattern 
of the light generated by the second embodiment of the laser diode also exhibited a clean, 
single peak. 

Figure 6 shows the effect of varying the AIN molar fraction and the thickness of the AlGaN 
30 cladding layers on the optical confinement factor of a laser diode incorporating the nitride 
semiconductor device according to the invention. Figure 7 shows the effect of varying the 
thickness of the AlGaN cladding layers on the far-field pattern of light generated by a laser 
diode incorporating the nitride semiconductor device according to the invention in which the 
AIN molar fraction in the AlGaN of the cladding layers was 10%. The results shown were 
35 obtained from test samples in which variations (if any) in the AIN molar fraction and the 
thickness of the n-type AlGaN cladding layer 24 and the p-type AlGaN cladding layer 28 were 
substantially similar. 

Figure 6 is a graph in which the AIN molar fraction, expressed as a percentage, is plotted 
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along the x-axis and the optical confinement factor, also expressed as a percentage, is plotted 
along the y-axis. Changes in the optical confinement factor in response to varying the AIN 
molar fraction are plotted for three different values of the thickness t of the AIGaN cladding 
layers 24 and 28, namely, 0.5 ^m, 1 ^nri, and 1.5 ^m. 
5 Figure 7 is a graph in which the rotational angle of the laser diode relative to the 

photodetector is plotted along the x-axis, and optical intensity is plotted along the y-axis. 
Optical intensities at the different detector angles are plotted for three different values of the 
thickness t of the AIGaN cladding layers 24 and 28, namely, 0.5 ^m, 1 ^m, and 1 .5 ^m. The 
AIN molar fraction in the AIGaN of the cladding layers 24 and 28 of the test samples was 10%. 
10 The curves shown in Figure 7 are offset from one another in the y-direction to enable them to 
be seen more easily. 

Figures 6 and 7 show that a large optical confinement factor is obtained and the far-field 
pattern has only a single peak when the AIN molar fraction of the cladding layers is 10% or 
more and the thickness of the cladding layers is 1 or more. 
15 Figure 6 shows that, when the AIN molar fraction is 10% or more, there is substantially 

no difference in the optical confinement factor regardless of whether the thickness of the 
cladding layer is 0.5 um or 1 vm. However, Figure 7 shows a clear difference in the far-field 
pattern between cladding layers that are 0.5 /;m thick and cladding layers that are 1 ^m thick. 
Therefore, it is preferable to use the far-field pattern to determine the optimum thickness and 
20 AIN molar fraction of the cladding layers. 

The above-described embodiments of the laser diode incorporate a single nitride 
semiconductor device 32 according to the invention. These embodiments lack a buffer layer 
of low-temperature-deposited nitride semiconductor material that includes AIN sandwiched 
between the p-type GaN optical waveguide layer 27 and the p-type AIGaN cladding layer 28. 
25 Figure 8 shows a third embodiment 50 of a laser diode that incorporates two nitride 
semiconductor devices according to the invention. Elements of the laser diode 50 that 
correspond to elements of the laser diode 20 shown in Figure 2 are indicated using the same 
reference numerals, and will not be described further. 

In addition to the nitride semiconductor device 32, the laser diode 50 includes the nitride 
30 semiconductor device 34 composed of the buffer layer 33 of low-temperature-deposited AIGaN 
semiconductor material sandwiched between the p-type GaN optical guiding layer 27 and the 
p-type AIGaN cladding layer 28. The nitride semiconductor device 34 reduces the possibility 
of cracking in the p-type AIGaN cladding layer. The buffer layer 33 may be doped with 
magnesium at a concentration in the range from about 1 x 10 18 cm" 3 to 5 x 10 20 cm" 3 to 
35 make the low-temperature-deposited AIGaN semiconductor material of the buffer layer 33 p- 
type. The preferred magnesium concentration is 1 x 10 20 cm" 3 . 

It is preferred that the buffer layer 33 of low-temperature-deposited AIGaN semiconductor 
material be doped at a higher dopant concentration than the p-cladding layer 28 grown directly 
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on the buffer layer 33 to decrease the resistivity of the buffer layer 33. 

Metal-organic vapor phase epitaxy (MOVPE) is the preferred manufacturing method used 
to fabricate the nitride semiconductor devices according to the invention. However, molecular 
beam epitaxy (MBE) or halide vapor phase epitaxy (HVPE) may be used instead. 

Sapphire and SiC are mentioned above as the materials of the substrate 21 . The material 
of substrate can also be spinel or GaN. Also suitable is the multi-layer substrate described in 
published International Application no. WO 99/25030 of Amano et al„ which is assigned to 
the assignee of this disclosure and is incorporated herein by reference. 

The invention yields a number of advantages. For example, the invention enables AIGaN 
cladding layers with a thickness of at least 1 ;*m and having an AIN molar fraction of at least 
10% to be grown without any cracks on a layer of GaN that has a dissimilar lattice constant. 
This means there is no need for the cladding layers to have a complicated structure such as a 
superlattice structure. 

Also, because the invention enables the easy fabrication of a nitride semiconductor device 
that can be incorporated into a semiconductor laser that generates light having a far-field 
pattern with a good, single peak, it enables lasers to be made for use in applications, such as 
an optical information recording apparatus, that require lasers with such characteristics. 

Furthermore, when incorporated into a laser, the nitride semiconductor device according 
to the invention improves the optical confinement provided by the active layer of the laser. This 
reduces the threshold current of such lasers and greatly increases the number of potential 
applications for them. 

Moreover, because the nitride semiconductor device according to the invention virtually 
eliminates cracking in a thick layer of a nitride semiconductor material grown over a layer of 
another material having a dissimilar lattice constant, the manufacturing yield of semiconductor 
devices incorporating the nitride semiconductor device according to the invention is greatly 
increased, which leads to significant reductions in manufacturing costs. 

Since the nitride semiconductor device according to the invention provides a thick, virtually 
crack-free layer of a single-crystal nitride semiconductor material including AIN grown over a 
layer of another material having a dissimilar lattice constant, with a buffer layer sandwiched 
between the layers, the nitride semiconductor device can form the basis not only of the laser 
diodes described above, but also of other semiconductor devices that have a heterostructure 
that includes adjacent thick layers of Group Ill-nitride semiconductors having different lattice 
constants. Such devices include photodiodes, light-emitting diodes, surface-emitting lasers, 
high electron mobility transistors (HEMT), and field-effect transistors (FET). 

Although this disclosure describes illustrative embodiments of the invention in detail, it is 
to be understood that the invention is not limited to the precise embodiments described, and 
that various modifications may be practiced within the scope of the invention defined by the 
appended claims. 
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Claims 

We claim: 

1. A nitride semiconductor device, comprising: 
a first layer; 

a second layer of a single-crystal nitride semiconductor material including AIN, the 
second layer having a thickness greater than a thickness at which cracks would form if the 
second layer were grown directly on the first layer; and 

a buffer layer of a low-temperature-deposited nitride semiconductor material including 
AIN, the buffer layer being sandwiched between the first layer and the second layer. 

2. The nitride semiconductor device of claim 1, in which: 

the nitride semiconductor device is a component of a semiconductor laser; and 
at least one of (a) the thickness of the second layer, and (b) a molar fraction of the AIN 
in the single-crystal nitride semiconductor material including AIN is greater than a value at 
which coherent light emitted by the semiconductor laser has a far field pattern exhibiting a 
single peak. 

3. The nitride semiconductor device of claim 1 or 2, in which the first layer is a 
substrate including a material selected from a group consisting of sapphire, silicon carbide 
and gallium nitride. 

4. The nitride semiconductor device of claim 1 or 2, in which the first layer consists 
essentially of gallium nitride. 

5. The nitride semiconductor device of claim 4, in which: 
the buffer layer is a first buffer layer; 

the nitride semiconductor device additionally comprises: 
a substrate, and 

a second buffer layer of a low-temperature-deposited nitride semiconductor 
materia! including AIN, the second buffer layer being sandwiched between the sub- 
strate and the first layer; and 
the first layer is grown on the second buffer layer. 
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6. The nitride semiconductor device of any one of claims 1 to 5, in which: 
the buffer layer has a thickness in a range from 2 nm to 100 nm; 

the low-temperature-deposited nitride semiconductor material including AIN consists 
essentially of Al/Ba^N (0 < y s 1); 

the second layer has a thickness greater than 600 nm; and 

the single-crystal nitride semiconductor material including AIN consists essentially of 
AI^Ga^N (0.05 < x <; 1). 

7. The nitride semiconductor element of any one of claims 1 to 6, in which the low- 
temperature-deposited nitride semiconductor material including AIN has a molar fraction of 
AIN of at least 5%. 

8. The nitride semiconductor element of claim 9, in which the single-crystal nitride 
semiconductor material including AIN has a molar fraction of AIN of at least 10%. 

9. A semiconductor laser including at least one of the nitride semiconductor device of 
any one of claims 1-8, in which the second layer of the nitride semiconductor device 
constitutes a cladding layer of the semiconductor laser. 

10. A method of making a nitride semiconductor device, the method comprising: 
providing a first layer; 

depositing on the first layer a buffer layer of a nitride semiconductor material including 
AIN, the buffer layer being deposited at a temperature below that at which single crystal 
growth occurs; 

growing a second layer of a single-crystal nitride semiconductor material including AIN 
on the buffer layer, the second layer being grown at a temperature above that at which 
single-crystal growth occurs and being grown to a thickness greater than a thickness at 
which cracks would form if the second layer were grown directly on the first layer. 

1 1 . The method of claim 10, in which: 

the nitride semiconductor device is a component of a semiconductor laser diode; and 
growing the second layer includes setting at least one of (a) the thickness of the 
second layer, and (b) a molar fraction of the AIN in the single-crystal nitride semiconductor 
material including AIN to greater than a value at which coherent light emitted by the 
semiconductor laser diode has a far field pattern exhibiting a single peak. 

12. The method of claim 10 or 11, in which, in providing the first layer, a substrate 
including a material selected from a group consisting of sapphire, silicon carbide and gallium 
nitride is provided. . 
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13. The method of claim 10 or 1 1, in which, in providing the first layer, a first layer 
consisting essentially of gallium nitride is provided. 

14. The method of claim 13, in which: 

in depositing the buffer layer, a first buffer layer is deposited; 
the method additionally comprises: 
providing a substrate, and 

depositing on the substrate a second buffer layer of a nitride semiconductor 
material including AIN, the second buffer layer being deposited at temperature below 
that at which single-crystal growth occurs; and 

providing the first layer includes growing the first layer on the second buffer layer at a 
temperature above that at which single-crystal growth occurs. 

15. The method of any one of claims 10 to 14, in which: 
in depositing the buffer layer: 

the buffer layer is deposited to a thickness in a range from 2 nm to 100 nm, and 
the low-temperature-deposited nitride semiconductor material including AIN 

consists essentially of AI K Ga w N {0 < y * 1); and 

in growing the second layer; 

the second layer is grown to a thickness greater than 600 nm, and 

the single-crystal nitride semiconductor material including AIN consists essentially 

of AI.Ga^N (0.05 < x < 1). 

16. The method of any one of claims 10 to 15, in which, in depositing the buffer layer, 
the low-temperature-deposited nitride semiconductor material including AIN has a molar 
fraction of AIN of at least 5%. 

17. The method of claim 16, in which, in depositing the buffer layer, the single-crystal 
nitride semiconductor material including AIN has a molar fraction of AIN of at least 10%. 

18. A method for fabricating a semiconductor laser diode including performing the 
method of any one of claims 10-17 to form a cladding layer of the semiconductor laser 
diode as the second layer. 
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